Membrane fusion process of Semliki Forest virus. I: Low pH-induced rearrangement in spike protein quaternary structure precedes virus penetration into cells by unknown
Membrane Fusion ProcessofSemlikiForest Virus I: LowpH-induced
Rearrangement in Spike Protein Quaternary Structure Precedes
VirusPenetration into Cells
JohannaM. Wahlberg and Henrik Garoff
Department of Molecular Biology, Karolinska Institute, Novum, S-14157 Huddinge, Sweden
Abstract. The Semliki Forest virus (SFV) directs the
synthesis of a heterodimeric membrane protein com-
plex which is used for virus membrane assembly dur-
ing budding at the surface of the infected cell, as well
as for low pH-induced membrane fusion in the endo-
somes when particles enter new host cells. Existing
evidence suggests that the El protein subunit carries
the fusion potential of the heterodimer, whereas the
E2 subunit, or its intracellular precursor p62, is re-
quired for binding to the nucleocapsid. We show here
that during virus uptake into acidic endosomes the
LPHAVIRUSES, such as Semliki Forest virus (SFV)l
and Sindbis virus, are enveloped animal viruses
A
￿
IL which mature by budding at the plasma membrane
(PM) ofinfected cellsand enter new cellsby an acid-induced
membrane fusion process inside the endosomal compartment
(Kielian and Helenius, 1986; Schlesinger and Schlesinger,
1986). Because of their simple structure and efficient repli-
cation these viruses represent useful systems for studying the
molecular mechanisms of membrane budding and fusion.
SFV directs the synthesis of three structural proteins, the
capsid protein and two transmembrane glycoproteins, p62
and El (Garoff et al., 1982). The capsid protein associates
in the cell cytoplasm with the viral RNA genome into nu-
cleocapsids (NCs). The two membrane proteins oligomerize
soon after synthesis in the ER into p62E1 heterodimers and
are then transported to the cell surface in order to take part
in the budding process (Ziemiecki et al., 1980; Wahlberg et
al., 1989). In the released virus particles the heterodimers
are clustered into groups of three, each representing a spike-
like projection on the virus surface (Vogel et al., 1986;
Fuller, 1987). Furthermore, the original p62E1 heterodimer
is processed by a limited proteolytic attack 66 residues from
the NH2 terminus of p62 to form mature E2E1 complexes.
This cleavage occurs at a very late stage during cell surface
transport of the heterodimer and is probably mediated by a
host protease (de Curtis and Simons, 1988) .
1. Abbreviations usedin thispaper: HA,hemagglutinin; NC, nucleocapsid;
pfu, plaque-forming units; PM, plasma membrane; SFV, Semliki Forest
virus.
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original E2E1 heterodimer is destabilized and the El
proteins form new oligomers, presumably
homooligomers, with altered El structure. This altered
structure of El is specifically recognized by a mono-
clonal antibody which can also inhibit penetration of
SFV into host cells as well as SFVmediated cell-cell
fusion, thus suggesting that the altered El structure is
important for the membrane fusion. These results give
further support for a membrane protein
oligomerization-mediated control mechanism for the
membrane fusion potential in alphaviruses.
There exists substantial evidence that the envelopment of
the NC atthe cell surface is driven by the binding ofthe cyto-
plasmic protein domains of E2 (p62) to the NC. The prox-
imity of these two structures has been demonstrated in virus
particles by chemical cross-linking, their structural com-
plementarity has been shown by immunological techniques,
and the binding has been verified biochemically in in vitro
assays (Garoff and Simons, 1974; Vaux et al., 1988; Met-
sikk6 and Garoff, 1990). The last studies have furthermore
emphasized the possible importance of the trimerization
reaction for the formation ofthe spike structures as a way to
obtain strong multivalent binding of membrane proteins to
the NC. The entry functions of the virus (that is, receptor
binding and membrane fusion activity) are, on the other
hand, carried by the El subunit ofthe heterodimer. The most
direct evidence for this was obtained in studies using virus
particles from which essentially all of the E2 subunits had
been digested by trypsin. Such particles were shown to be
able to infect cells almost as efficiently as the control virus
(Omar and Koblet, 1988). In addition, the hemagglutinating
activity ofthe virus has been shown to be a specific function
of the El subunit (Helenius et al., 1976) .
The actual mechanism by which El catalyzes membrane
fusion is not yet solved. This problem is ofparticular interest
as the El-mediated membrane fusion process involves sev-
eral differences as compared with that of the extensively
studied hemagglutinin molecule (HA) of orthomyxoviruses
as well as those of many other viral fusion proteins. First,
the El fusion protein is made as part ofaprotein heterodimer
as opposed to a homooligomer in the other cases. Second,
339in contrast to most other viral fusion proteins, the El protein
of the alphaviruses is not processed by a cleavage reaction.
This host-mediated cleavage reaction of a fusion protein
seems to represent a fundamental control mechanism by
which many viruses prevent activation of their entry func-
tions during the assembly phase of the virus life cycle. With-
out such a control mechanism fusion proteins might cause
aberrant fusion inside the mildly acidic compartments of the
biosynthetic transport pathway (Anderson and Orci, 1988).
Third, El-catalyzed membrane fusion requires the presence
of cholesterol in the acceptor membrane (White and
Helenius, 1980; Kielian and Helenius, 1984). This absolute
restriction in lipid composition has not been observed for
other viral fusion proteins. Apart from these unique features
of the SFV fusogen it is well established that it requires in-
duction by mildly acidic pH (Helenius et al ., 1980). By anal-
ogy with the low pH-induced changes of HA it is believed
that the acidic pH alters the El structure into a form that is
competent to perform a membrane fusion reaction. The fact
that El changes into a trypsin-resistant form during entry
into acidic endosomes and exposes new immunological epi-
topes as a result of low pH treatment might reflect this con-
formational change (Edwards et al., 1983; Helenius et al.,
1985 ; Kielian and Helenius, 1985; Kielian et al., 1986,
1990).
In the accompanying paper (Sahninen et al., 1992) and in
recentpublished reports wehave shown that, despite the lack
of El fusion protein processing, SFV still exerts a protein
cleavage-mediated control ofentry functions, similar to other
viruses (Wahlberg et al., 1989; Lobigs and Garoff, 1990;
Lobigs et al., 1990). This control is, however, directed by
the p62 protein with which the El protein is associated. Thus,
in the intracellular p62E1 form of the complex, the fusion
function of El cannot be activated by mildly acidic condi-
tions. This is not possible until after formation of the E2E1
complex through p62 cleavage. The control mechanism ap-
pears to involve a p62 cleavage-facilitated disruption of the
heterodimeric association by mildly acidic pH. This suggests
that the heterodimer has to dissociate before the El can be
induced by low pH to convert into its fusion-active form.
In this work we have followed the structure of the viral
membrane spike proteins during SFV entry into BHK-21
cells, and have found that the E2E1 heterodimeric associa-
tion is indeed destabilized soon after the virus enters the en-
docytic pathway. Furthermore, we found that the El subunit
reorganizes itself into higher oligomeric forms, probably
homooligomers. These show increased trypsin resistance
and expose unique epitopes recognized by a monoclonal
anti-El antibody which is able to inhibit virus penetration
into cells as well as SFVmediated cell-cell fusion.
Materials andMethods
Virus, Cells, and Monoclonal Antibodies
Stocks ofSFV were propagated in BHK21 cellsas described earlier (Wahl-
berg et al., 1989). BHK-21 cells were grown in Glasgow minimal essential
medium supplemented with 10% tryptose phosphate broth, 5% FCS, and
2 mM glutamine (GIBCO Laboratories Life Technologies Ltd., Paisley,
Scotland). For the internalization experiments the cells were either grown
in 60-mm dishes or on 18 x 18-mm coverslips in 35-mm dishes.
Themonoclonalantibodies UM 8.139 (anti-El), UM 8.47 (anti-El), UM
8.64 (anti-El"), and UM 5.1 (anti-E2) were all used as mouse ascites prepa-
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rations (Boere et al., 1984). The IgG fraction from the UV 8.64 ascites
preparation was purifiedusing theImmunoPure®(A/G) IgG Purification Kit
(Pierce Chemical Co., Rockford, IL) according to the manufacturer's in-
structions. Themonoclonalantibody OKT9 reacting withthe humantrans-
ferrin receptor (antiTR) was providedby T. Ebel in ourlaboratory and used
as mouse ascites fluid.
Growth and Purification ofRadioactively
Labeled Virus
[3sS]Methionine-labeled SFV (150,000-500,000 cpm/ll, 1-2 x 101,
plaque-forming units [pfu]/ml) was prepared by infecting confluent
monolayers ofBHK21 cells in 75-cm2 bottles (Costar Corp., Cambridge,
MA) with SFV (10 pfu/cell) in 1 ml MEM supplemented with 10 mM
Hepes, 2 mM glutamine, and 0.2% BSA (GIBCO). After 1 h adsorption
in 37°C, 9 ml MEM with 0.2 % BSA was added and the incubation was con-
tinued. At 6 h after infection the cells were labeled for 15 h at 37°C with
[3sS]methionine (1,000 Ci/mmol; Amersham International, Amersham,
UK) at a final concentration of200 ACi/ml in methionine-free MEM sup-
plemented with 1% FCS. The virus-containing medium was cleared from
cell debris by centrifugation at 2,500 g for 15 min at 4°C. The supernatant
was applied to the top of a two-step sucrose density gradient (1 ml 55 %
[wt/wt] and 3 m120% [wt/wt] sucrose in 50 mM Tris-HCI [pH 7.4], 100
mM NaCl, and 0.5 mM EDTA [TNE]) in an SW40 tube, and centrifuged
at 30,000 rpm for 90 min at 4°C in an ultracentrifuge (model L8-60M;
Beckman Instruments, Inc., Fullerton, CA). After collecting the gradients
frombelow with a fraction collector (model 023 Micro Fraction Collector,
Gilson Co., Inc., Worthington, OH), the fractions containing radioactive
virus were pooled and diluted in TNE. The purified, labeled virus stock
was plaque titrated using carboxymethyl cellulose in the overlay and the
plaques were visualized after staining with crystal violet. The protein con-
centration in the sample was determined according to Lawry et al. (1951).
The number ofvirus particles inthe sample was calculated using MW 48.8
x 106 for the total protein of one virus particle (Fuller, 1987) .
Binding and Internalization Assays
The assays for [3sS]methionine-labeled SFV binding to, and endocytosis
into, BHK cells were performed essentially as described (Marsh and
Helenius, 1980; Helenius et al., 1985) . Typically, 80% confluent BHK cells
in 60-mm dishes werewashedandpreincubated with cold MEM containing
0.2% BSA, 10 mM Hepes, and 2 mM glutamine for 20 min on ice. The
radiolabeled virus (10 pfu/cell) was bound to the cells in 0.5 ml MEM, pH
7.4, for 1 h on ice with continuous shaking. Free virus particles were re-
moved by washing the cells twice with coldMEM. To assay for bound virus
particles (0 min sample) the cells were solubilized at this stage in 400 ja1
of lysis buffer (1% NP-40, 50 mM Tris [pH 7.4], 150 mM NaCl, 2 mM
EDTA, and 10,ug/ml PMSF). Endocytosis of bound virus was initiated by
addingprewarrned (37°C) mediumand incubating at 37°C. At different time
points the cells were cooled on ice, the medium was removed, and 2 ml of
cold PBS containing 0.5 mg/ml proteinase K (Bethesda Research Laborato-
ries, Gaithersburg, MD) was added, followed by an incubation on ice for
45 min. Incontrolexperimentsthistreatment removed96% ofthe virus par-
ticles that had been bound to the surface of the cell and kept on ice. The
reaction was stopped by adding 2 ml cold PBS containing 30 mg/ml BSA
(Sigma Chemical Co., St. Louis, MO) and 1 mM PMSR The cells were
pelleted (400 g for 3 min at 4°C), washed once with PBS containing 0.2 %
BSA and 1 mM PMSF, and solubilized in 400 pl lysis buffer. Nuclei were
removed (2,000 g for 5 min at 4°C) and the radioactivity in the solubilized
cell samples was measured ina scintillation counter. The lysates were used
for immunoprecipitation analyses, trypsin digestions, and sedimentation
analyses as described below. For the experiments using lysosomotrophic
agents, 25 AMmonensin (Sigma Chemical Co., St. Louis, MO) waspresent
during all incubation steps (Marsh et al., 1982).
Analysis ofSolubilized Cell and Wrus Samples
The samples used for these analyses were (a) [3sS]methionine-labeled vi-
rus particles solubilized in lysis buffer at pH 7.4, (b) [3sS]methionine-
labeled virus particles treated with 20 mM Na-succinate buffer, pH 5.5, for
10 min at 4°C followed by solubilization in lysis buffer and neutralization,
and (c) solubilized BHK cells containing bound as well as internalized
[3sS]methionine-labeled SFV particles.
Sucrose gradient centrifugation. The 150-,ul samples were loaded on
gradients consisting of5-20% (wt/wt) sucrose in TNE, pH 7.4, containing
3400.1% NP-40 and 10 ag/ml PMSF, and centrifuged in an SW40 rotor at
39,000 rpm for 24 h at 4°C. The gradients were fractionated and the radio-
activity was measured from each collected fraction as described (Wahlberg
et al., 1989). The fractions containing peaks of viral protein radioactivity
were pooled and analyzed using the assays described below.
Immunoprecipitadon analysis. Solubilized SFV particles or cells with
virus were diluted in lysis buffer and used in a final volume of 100-500 l,1
for the analyses. Precleaning using rabbit anti-mouse IgG was done for 30
min at 4°C and the incubations with the monoclonal antibodies for 16 h at
4°C using protein A Sepharose (Pharmacia LKB Biotechnology, Uppsala,
Sweden) as carrier (Wahlberg et al., 1989). Precipitates were solubilized
in SDS-PAGE sample buffer for 2 min at 70°C and the proteins were
resolved on a 10% SDS-PAGEgel (Cutler and Garoff, 1986). For visualiza-
tion of 35S-labeled proteins we used fluorography with 1 M sodium salicy-
late (Chamberlain, 1979). Quantitation of the bands in the gels was done
by cutting these out and counting the radioactivity as described earlier
(Wahlberg et al., 1989).
rpsin digesdons. The appearance of the trypsin-resistant form of El
during entry of SFV was assayed as described earlier (Helenius et al.,
1985). Atvarioustimes after startingthe 37°C incubation virus cell samples
were solubilized and treated with a final concentration of200 pg/ml trypsin
(Sigma Chemical Co.) for 10min at 37°C. The reaction was stopped by add-
ing a threefold excess of soybean trypsin inhibitor (Boehringer Mannheim
Corp., Indianapolis, IN), and samples were used for immunoprecipitation.
The trypsin-resistant fraction ofEl was recovered by immunoprecipitation
with a mixture ofthe monoclonal antibodies anti-El, anti-El; and anti-El"
and subjected to SDS-PAGE analysis.
Fusion Assays
Fusion of SFV at the PM was done by using a variation of the procedure
described in White et al. (1980). ConfluentBHK cells grown on coverslips
were washed with MEM, pH 7.4, and left on ice for 20 min in MEM. SFV
(3 pfu/cell) was bound to the cells in 50,ul MEM, pH 6.5, containing 200
gM chloroquine (Sigma Chemical Co.) for 1 h on iceat4°C. Unbound virus
particles were removed by washing the cells twice with PBS while kept on
ice. Eachcoverslip was then placed on a 50-,u1 drop of MEM without bicar-
bonate, supplemented with either 20 mM MOPS (pH 7.4), 20 MM MES
(pH 6.0), or 20 mM Na-succinate (pH 5.5), and incubatedfor 1 min at 37°C.
The low pH flash was stopped by adding an excess of pH 7.4 medium (0.2
ml) under each coverslip. These were then washed in warm pH 7.4 medium
and transferred to dishes containing 3 ml MEM, pH 7.4, with 0.2% BSA
and incubated at 37°C for 3 h. 200,uM chloroquine was present throughout
all incubations described above. In the antibody inhibition experiments 1:10
dilutions ofthe ascites preparations of the antibodies anti-El, anti-El; anti-
El; anti-E2, and antiTR were added to the different incubations, as de-
scribed in the figure legends. BSA (1 mg/ml) was present during some of
the antibody treatments. After the final 3-h incubation the cells were fixed
in ice-cold methanol for 6 min (de Curtis and Simons, 1988) and prepared
for indirect immunofluorescence staining of the infected cells, essentially
asdescribed previously (Lobigs and Garoff, 1990) using the anti-E2 mono-
clonal antibody in combination with sheep anti-mouse IgG fluorescein
(FITC) (Biosys, Compi6gne, France).
Cell-cell fusion was induced by treatment of infected cells with buffers
of varying pH. BHK cells were infected with SFV (100 pfu/cell). 4 h after
infection the cells were washed and the coverslips placed on a 50-p1 drop
of MEM titrated to pH 7.4, 6.0, or 5.5 with the buffers described above.
Monoclonal antibodies were included as 1:10 dilutions ofthe ascites prepa-
rations or as a purified IgG fraction (350,ug/ml) and incubation was done
for 1 rein at 37°C. After washing with pH 7.4 medium the coverslips were
incubated further for 2 h in complete BHK medium at 37°C, then fixed in
ice-cold methanol and analyzed for the formation of polykaryons using
phase-contrast.
Results
Rearrangement ofthe Membrane Protein
Tertiary Structure
To study the entry of SFV into cells we used ["5]methio-
nine-labeled virus which was bound to BHK cellsat 0°C for
1 h. The bound virus particles were then allowed to enter the
cellsby incubation at 37°C for various times. Virus particles
that had not entered during the incubation at 37°C were re-
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Figure 1. The kinetics ofSFVuptake
into BHK cells. [35S]Methionine-
labeled SFV (10 pfu/cell) was bound
to BHK cells at 0°C. After incuba-
tion in 37°C for the indicated times
the uninternalized virus particles
were removed by treatment with 0.5
mg/ml proteinase K and the radioac-
tivity in the cell lysates was mea
sured. The uptake is expressed as the amount ofproteinase K-resis-
tant radioactivity in percent of the total amount of labeled material
bound to the cells.
moved by proteinase K digestion before cell samples were
solubilized and measured for 35S radioactivity (Helenius et
al ., 1980). The kinetics of the SFV uptake are shown in
Fig. 1. 40 % of the bound particles had entered the cellsafter
2 min incubation at 37°C, and by 10 min 63 % was internal-
ized. This corresponds to til pfu/cell.
Using this virus internalization protocol we first followed
the fate ofthe viral spike protein oligomer E2E1 by perform-
ing sedimentation analyses in sucrose density gradients of
cell samples that had been solubilized in an NP-40-contain-
ing buffer. These analyses enable the separation of different
oligomeric forms of the spike subunits. Controls in Fig. 2 a
show the separation of intact E2E1 heterodimers from solu-
bilized virus (sedimentation coefficient of -4 .5 S) and the
dissociated subunits that derive from virus that has been
treated with an acidic (pH 5.5) buffer (Simons et al., 1973;
Wahlberg et al., 1989). Analysis of the solubilized spike pro-
teins in virus particles that had been bound to cells and kept
at 0°C showed that these migrated as the heterodimers in the
control sample (Fig. 2 b). However, this sedimentation profile
underwent major changes upon 37°C incubation of the cell-
bound virus. Already after a 2-min incubation a consider-
able fraction of the spike proteins was distributed partly into
monomers and partly into forms that were larger than the di-
meric forms (Fig. 2 c) . This shift became even more pro-
nounced in the cell sample that was incubated with virus for
5 or 10 min (Fig. 2, d and e, and quantitation in Fig. 6). After
longer times of incubation (20 and 30 min) the monomeric
and dimeric material disappeared, whereas the larger oligo-
mers were still clearly visible as a distinct peak (Fig. 2, fand
g) . Fig. 2 h shows a control experiment that was done to ex-
clude an artefactual reorganization of the SFV spike oligomer
in the sample during solubilization. Here virus particles
were mixed with a cell solubilizate in vitro and then analyzed
in a sucrose gradient. The result shows the presence of di-
meric material only. Fig. 3 shows analyses by SDS-PAGE of
the pooled fractions corresponding to each peak region of
the gradient (Fig. 2 c) where the spike subunits were found
(large oligomer, dimer, monomer regions) . These indicate
that the dimer region contained both El and E2 subunits
(lane 4), whereas the monomer region contained mainly E2
(lane S) and the large oligomer contained only El (lane 3).
The trace amounts of faster migrating material also found in
the monomer region represented El protein fragments corre-
sponding to the lumenal domain of this protein. It reacted
with the El antibody and could not be precipitated with TX-
114 (data not shown). These sedimentation analyses suggest
that the E2E1 heterodimer in the virus particle is rearranged




















Figure 2. Sedimentation profiles of solubilized, [35S]methionine-
labeled membrane proteins from virus that had been bound to (b)
or bound and internalized into BHKcells (c-g) . The samples were
run in a 5-20% (wt/wt) sucrose gradient for 24 h at 39,000 rpm
and at 4°C in aSW40 rotor. Top fraction to the right . Control sam-
ple analyses in a representunbound virus particles that weretreated
with buffers of neutral or acid pH before solubilization . Control
sample in h shows free virus particles that were mixed with a solu-
bilized cell sample before sedimentation.
Figure 3 Protein analyses by
SDS-PAGE ofthepeak regions
from the gradient in Fig . 2 c .
"Large oligomer" represents
pooled fractions 19-22, 'dimer"
represents fractions 24-27,
and "monomer" represents
fractions 29-32 . Sample ana-
lyzed in lane 1 represents 10%
ofthe original sample used for
the sedimentation analysis .
Sample analyzed in lane 2
represents 10% of the pellet
resulting from the centrifuga-
tion . The pooled peak frac-
tions in lanes 3-S represent
16% of respective pools .
rupted and El forms new oligomers, whereas E2 stays in a
monomeric form .
This was further corroborated by coimmunoprecipitation
of E2 and El using a monoclonal anti-El antibody (UM
8.139) . We used this assay earlier to demonstrate the
destabilizing effect ofmildly acidicpH on theE2E1 interac-
tion in virus particles (Wahlberg et al ., 1989). As shown in
Fig . 4, the anti-El antibody coprecipitated almost quantita-
tively the E2 subunit from solubilized virus particles (lanes
1 and 2) as well as from solubilized cells that had viruses
bound to the cell surface (lanes S and 6) . However, after a
2-min incubation of cells and virus at 37°C only a subfrac-
tion (24%) of the E2 subunits could be coprecipitated with
the anti-El antibody (lane 8) and after 10min even less (8% )
could be coprecipitated (lane 12). The quantitation of the
fraction of heterodimers found in this experiment is shown
in Fig. 6 .
The El SubunitChanges Its Antigenicity
during Internalization
The immunoprecipitation analyses described above also
showed that the reactivity ofthe El subunit for themonoclo-
nal antibody anti-El decreased with prolonged incubation
times of virus and cells. In Fig . 5 we show that concomi-
tantly with this reductionin reactivity theEl proteinexposed
a new epitope for another monoclonal anti-El antibody
called anti-El"(UM 8.64) . After 10min at 37°C almost 80%
ofthe El proteins ofinternalized virus hadobtained thisnew
conformation (quantitation is shown in Fig. 6) . This anti-E1"
antibody didn't significantly react with mature (Fig . 5, lane
2) or newly synthesized (not shown) El proteins, nor with
El from virus treatedwith low pH buffer at 4°C (lane 4) . It
clearly differs from the anti-EP antibody (UM 8.47) de-
Figure 4. Inununoprecipitation analyses of the E2E1 association
during SFV uptake. [35S]Methionine-labeled SFV was bound to
BHKcells for 1 h at 0°C (0 min) and incubated at 37°C for the indi-
cated times (2, 5, or 10 min) . Cell and virus samples were then
treated with 0.5 mg/ml proteinaseK at 0°C. After this thecells were
solubilized and immunoprecipitated with anti-El and anti-E2 to-
gether (aEl/ceE2) or with anti-El alone (affil)andanalyzed on a 10%
SDS-PAGE gelwhichwasprocessed for fluorography. Immunopre-
cipitation analyses shown in lanes 1-4 represent controls and cor-








h "ZFigure S . The appearance of a new epitope on El during virus up-
take. Cell samples with virus which had been allowed to be inter-
nalized for different times (0, 2, 5, or 10 min) were solubilized and
used for immunoprecipitation with a mixture ofthe monoclonal an-
tibodies anti-El and anti-El" to follow the total (T) El protein or
with the anti-El" alone (uF .r) to follow only El with the anti-El"
epitope . Immunoprecipitates were dissolved inSDS sample buffer
and run on a 10% SDS-PAGE gel . The control samples (analyzed
in lanes 1-4) have been treated as described in the legend to Fig . 4 .
scribed previously, which reacts specifically with El in virus
particles after treatment with a low ph buffer (Wahlberg et
al ., 1989) but not with El in virus that has entered cells (not
shown) .
The Exposure oftheAnti-EY' EpitopeCorrelates
with El BecomingResistantToward T}ypsinand with
the Formation ofIts Higher OligomericForm
The El subunit has earlier been shown to become trypsin
resistant both in virus particles that enter cells and in virions
that have been treated with a low pH buffer (Helenius et al .,
1985 ; Kielian and Helenius, 1985) . To see how the genera-
tion of the trypsin-resistant form of El correlated with the
generation of the anti-El" epitope, we performed El immu-
noprecipitation reactions with cell samples that had been in-
Figure 6. Quantitation of the
fraction of viral membrane
proteins thatremain as hetero-
dimers (o), and the amount of
El protein that carries the
Anti-El" epitope (®), and is
trypsin resistant (®) in virus
particles that have been al
lowed to enter into BHK cells for different times . The quantitation
was done by measuring the radioactivity in the bands cut out from
SDS-PAGE gels corresponding to autoradiographs as shown in
Figs. 4, 5, and 7. All values represent the mean of three experi-
ments . The heterodimer fraction was calculated as the amount of
E2 protein that was precipitable withthe anti-El antibody. The anti-
El" epitope-carrying fraction corresponds to the amount ofEl pro-
tein that was reactive toward the anti-El" antibody (percentage of
total El in the sample that was precipitated with a mixture of mono-
clonal antibodies against El) . The trypsin-resistant fraction rep-
resents the amount ofEl protein that wasprecipitable with the mix-
ture ofmonoclonal antibodies against El (percentage oftotal El in
the sample) .
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cubated with virus for different times, solubilized, and then
treated with trypsin, using the anti-E1" antibody alone as well
as a mixture of anti-El antibodies reacting with all forms of
El . The quantitation in Fig. 6 shows that up to 45% of El
of the cell-bound virus became resistant with increasing
times of incubation . Fig . 7 a shows that the material precipi-
tated with the anti-El" antibody is also trypsin resistant .
Thus, the trypsin-resistant El form that appears during entry
seems to correspond to the El that presents the anti-El" epi-
tope. To see how the trypsin-resistant and anti-El" antibody
binding form ofEl was migrating in the sucrose density gra-
dients, sedimentation analyses were performed and thema-
terial in the peak fractions of a separation as shown in Fig.
2 c was digested with trypsin and analyzed by immunopre-
cipitation . The results shown in Fig. 7 b demonstrate that
only the El of the higher oligomers corresponds to the
trypsin-resistant and anti-El" antibody binding form .
The Changes in theQuaternary and Tertiary
Structure ofSFVSpikeProteinAre Induced by
LowpH in Endosomes
To assess the importance of the acidic milieu of the endo-
somes for the observed alteration inSFV membrane protein
structure, we analyzed the effect of monensin treatment of
cells onthese changes . Monensin treatment is known to raise
thepH in intracellular organelles (Marsh et al., 1982) . For
this reason cells with bound virus were incubated at 37°C
in the presence of25pM monensin before solubilization . Vi-
ral proteins were then analyzed for theE2El heterodimer as-
sociation using the coprecipitation assay with the anti-El an-
tibody for reactivity toward the anti-El" antibody and for
trypsin resistance. Fig . 8 a shows that the presence of
monensin causedE2 to coprecipitate with El and most of the
El to stay trypsin-sensitive and unreactive to anti-Er. Thus
we conclude that the observed tertiary and quaternary
changes in El structure require the low pH which the virus
encounters when entering the endosomes of the cell . This
was further confirmed by indirect immunofluorescence anal-
yses ofcells incubated withSFV (Fig . 8 b) . The anti-El" anti-
body gave a punctal staining pattern which probably repre-
sented the endosomal structures-(left) . This staining was
completely abolished when 25 /AM monensin was present
during the incubation (right) . The control anti-El antibody
showed no difference in reactivity towards the El subunits of
internalized virus particles in the presence or absence of
monensin (not shown) .
TheRearranged Form ofEl Is Involved in the Low
pH-induced FusionandPenetration Processes
If the structural alterations in the SFV spike, as described
above, are important for virus entry and hencemembrane fu-
sion, then the binding of the anti-El" antibody to the new
form of El might be expected to interfere with these
processes. To test this we first made use of a previously de-
scribed experimental protocol which allowed virus penetra-
tion to occur solely at the cell surface (White et al., 1980) .
Virus particles were bound to cells and penetration was in-
duced directly at the PM by a 1-min incubation at 37°C in
a pH 7.4, 6, or 5.5 buffer . Concomitantly, the activation of
fusion in the endosomes was inhibited by the presence of200
j,M chloroquine . The efficiency of virus penetration was es-
343Figure 7 . (a) Analysis of trypsin-resistant El in SFV after uptake. ['SS]Methionine-labeled SFV was allowed to be internalized for various
times 0-10 min) into BHK cells . The samples were then solubilized and treated with trypsin and the resistant fraction was recovered by
immunoprecipitation using the monoclonal antibody anti-El". Samples analyzed in lanes 1, 3, S, and 7 represent controls that have not
beentrypsin treated . The immunoprecipitates were analyzed on 10% SDS-PAGE . (b) Correlation ofreactivity toward the anti-El" monoclo-
nal antibody and trypsin resistance with the SFV spike protein material found in thepeakregions (fractions defined in Fig . 3) ofthe sedimen-
tation analyses shown in Fig . 2 c. Portions of pooled samples were reacted either with a mixture of anti-El, anti-El; and anti-El" (T) or
with anti-El" alone (lanes 1-6), or treated with trypsin followed by precipitation with a mixture of the monoclonal antibodies against El
(lanes 7-9) .
timated after 3 h of further incubation at 37°C by screening
for infected cells using indirect immunofluorescence stain-
ing ofnewly synthesized spike proteins . Under conditions (3
pfu/cell andpH 5.5 flash) in which virtually all of the cells
could be infected via the PM route (Fig . 9 i), we could dem-
onstrate a significant inhibition when the anti-El" monoclo-
nal antibody was present during the flash (Fig. 9j and Table
I) . This inhibitory effect was also evident after a wash with
apH 6.0 buffer (Fig . 9f) . However, aspH 6.0 is close to the
pH threshold for SFV fusion, the overall efficiency of SFV
entry via the pM was lower. Without antibody the efficiency
was r-50% of the efficiency of infection after a pH 5.5 treat-
ment (Fig. 9, e and i) . At both pH conditions the antibody
had to be present during the low pH treatment in order to
cause inhibition . No inhibition of infection was observed if
the anti-El" antibody was present during binding ofthe virus
particles to thePM and then removed before the lowpH flash
(Fig . 9 b) . In contrast, the control monoclonal antibodies
anti-El and anti-E2 (neutralizing antibodies; UM 8.139 and
UM 5.1 ; Boere et al., 1984) inhibited infection when present
before as well as during the low pH treatment (Fig . 9, c, g,
k; Table I) . Additionally, the antiTR antibody did not de-
crease the number of infected cells if present during any of
the incubations (Fig . 9, d, h, l ; Table I) . No inhibition was
observed for either a rabbit anti-mouse IgG preparation or
a monoclonal antibody against the VSV G protein (not
shown) .
To relate the inhibitory effect of the anti-El" antibody on
SFV infectivity more directly to the actual fusion process,
we studied its effect on the SFVmediated cell-cell fusion
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event (White et al ., 1981) . A brief wash ofSFVinfected cells
with a buffer ofpH 6 or 5.5 induced massive polykaryon for-
mation (Table I ; Fig . 9 m) . The presence ofthe anti-E" or the
anti-El antibody during the low pH treatment prevented the
formation of polykaryons (Fig . 9 n and o), whereas the anti-
TR, did not inhibit the cell-cell fusion (Fig . 9 p and Table
I) . Inhibitionwas observedboth by the anti-El"ascites prepa-
ration and by a IgG preparation (350 jug/ml) purified from
the anti-El" ascites preparation (not shown) . We conclude
that the anti-El" antibody can interfere with virus penetration
at the stage ofmembrane fusion, suggesting that the altera-
tions in the spike proteins that we have observed are impor-
tant for virus entry.
Discussion
In this workwe have shown that the heterodimeric E2E1 pro-
tein complex of the SFV spike undergoes a major change in
both its quaternary and tertiary structure when entering the
acidic milieu of the endosome in a cell . The heterodimeric
interactions are interrupted and the El subunits are orga-
nized into new oligomers, whereas the E2 subunits appear
to remain monomeric. Concomitant with the change in ter-
tiary structure of the spike proteins, the El subunit under-
goes conformational alterations as detected by the exposure
of the anti-El" epitope and by the previously described in-
creased resistance of El towards trypsin digestion (Helenius
et al., 1985) .
The exact composition of thenew El oligomer is presently
under investigation . In preliminary experiments we have
344Figure 8. Effect ofmonensin on changes in the quaternary and ter-
tiary structure of El during virus uptake. (a) SFV particles were
allowed 10 min internalization into BHK cells in the absence
panes 1-3) or presence (lanes 4-6) of 25 j,M monensin . Cells were
solubilized and the samples were used for immunoprecipitation
with anti-El panes 1 and 4) oranti-El" panes 2 and S), or digestion
with trypsin before immunoprecipitation with a mixture of the
monoclonal antibodies against El (lanes 3 and 6) . (b) Immunofluo-
rescence staining ofBHK cells into which SFV has been allowed
to enter (1.5 h, 20°C) in the absence (left) or presence (right) of
25 uM monensin . The cells were stained using a combination of
the anti-El" antibody and sheep anti-mouse-conjugated FTTC. Bar
represents 15 pm.
used cross-linking with glutaraldehyde and obtained some
covalently linked oligomers of El as visualized by SDS-
PAGE (Wahlberg, J., andH. Garoff, unpublished observa-
tions) . We have also labeled host cells with [3IS]methionine
before incubation with virus and analyzed whether any host
proteins were coprecipitating with the El oligomers from
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cell lysates that had been fractionated by sedimentation in a
sucrose gradient . No host proteins were detected as com-
pared with a control cell sample lacking internalized virus .
One possibility is that the El oligomer corresponds to an El
homotrimer. Such a structure might be formed from the
three heterodimers in a spike by the simultaneous disruption
ofthe heterodimeric interactions and strengthening of inter-
molecular El interactions.
The fact that the monoclonal antibody anti-El" inhibited
virus penetration in experiments where virus entry was
manipulated to occur at the cell surface, as well as fusion of
SFVinfected cells suggests that thenew El oligomers repre-
sent important structures that are required for themembrane
fusion step of the entry process . It is possible that the El
oligomer represents a fusion-competent form which cor-
responds to the low pH-activated form of the influenza vi-
rus HA molecule observed at 0°C (Stegmami et al., 1990) .
In this fusion-competent HA the most prominent structural
change appears to be the exposure of the hydrophobic pep-
tide which constitutes the new N112-terminus after matura-
tion cleavage ofHA . This so-called fusion peptide has been
suggested to play a critical role in initiating the membrane
fusion process of orthomyxoviruses. In the case of the SFV
El protein the hydrophobic peptide spanning amino acid
residues 79-97 might have an analogous function . This
finding is supported by the fact that this amino acid sequence
is very conserved between alphaviruses and also by the re-
cent characterization of a Sindbis virus variant which has a
mutation close to the gene region encoding the putative fu-
sion peptide of El (Garoff et al ., 1980 ; Rice and Strauss,
1981 ; Dalgarno et al ., 1983 ; Boggs et al., 1989) . This muta-
tion lowers thepH for fusion in in vitro assays from the nor-
mal value of 6.0 to 5.5. However, so far we have no informa-
tion about whether this hydrophobicpeptide is exposed in the
new oligomeric form of the El protein .
It is interesting to note that the El oligomers carrying the
anti-E1" epitope are very efficiently expressed in virus that
has been taken up into cells, but only to a very insignificant
degree in free virus that has been treated with lowpH buffers
at4°C . This is in clear contrast to the low pH-mediated dis-
ruption ofthe E2E1 interaction and the induction ofEl resis-
tance to trypsin, both of which occur in vitro as well as in
virus that has entered new cells. Apparently, acid treatment
of SFV alone is not sufficient to induce all the conforma-
tional changes that take place in the viral spike proteins dur-
ing entry. To accomplish these changes, simultaneous inter-
action with hostmembranes may be required . This might be
related to the finding that the fusion process requires the
presence of cholesterol or a 3ß-hydroxysterol in the target
membrane (White and Helenius, 1980 ; Kielian and Helenius,
1984) . Recently, Flynn and co-workers have described sev-
eral epitopes on the membrane proteins of Sindbis virus
which react transiently with corresponding monoclonal anti-
bodies . The exposure of this transient epitope also required
prior binding of the virus particles to host membranes as
well as incubation at 37"C (Flynn et al ., 1990) .
So far we and others have characterized several defined
changes in the quaternary and tertiary structure of the al-
phavirus membrane proteins which appear to be important
for virus penetration into new host cells . These include the
p62 cleavage at the stage of virus maturation (Lobigs and
Garoff, 1990 ; Lobigs et al ., 1990), the exposure of unique
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* BHK cells were infected with SFV (3 pfu/cell) for 1 hat 0*C and incubated
at the indicated pH values for 1 minat 37*C in the presence of the respective
monoclonal antibodies and 200 uM chloroquine as described in Materials and
Methods. The values represent the percentage of cells that had been infected
through the PM.
$ BHK cells were infected with SFV (100 pfu/cell) and analyzed for poly-
karyon formation4h after infectionby incubating for 1 minat 37*C at theindi-
cated pH values in the presence of the respective antibodies as described in
Materials and Methods. -, no polykaryons; +, polykaryons formed; ND, not
determined.
ß Experiments were done with or without 1 mg/ml BSA in the low pH incuba-
tion mixture.
epitopes transiently on virus particles that have been bound
to the cell surface (Flynn et al ., 1990), and the low pH-in-
ducedchangesobserved during virus uptake, such as disrup-
tion of the E2E1 interaction, reorganization of the El pro-
tein, exposure of the epitope for the anti-El" monoclonal
antibody (this report), and theincreased resistance of El to-
ward trypsin digestion (Helenius et al ., 1985) . These results
are in agreement with a model for the activation of the El
fusion protein in which the El subunit disrupts its original
heterodimeric association andbuilds up anewoligomer, pre-
sumably a homooligomer, consisting of structurally altered
El subunits. Thus the El fusion protein uses first heter-
odimerization with p62 as a means to become incorporated
into theviral envelope andthen dissociation from the cleaved
p62 (E2) and reorganization, possibly with itself, as a way
to become activated. This process of fusion protein matura-
tion and activation differs considerably from that among
most other enveloped viruses. For instance, in the cases of
orthomyxo-, paramyxo-, retro-, and coronaviruses the pro-
teins carrying entry functions already form homooligomeric
structures soon after being synthesized within the ER of the
infected cell. These preformed oligomers are then incorpo-
rated into the viral envelope and activated for fusion by ei-
ther limited proteolysis or acidic pH or both (reviewed in
Stegmann et al., 1989; White, 1990).
The membrane protein oligomerization-mediated control
mechanism of entry functions that we propose for al-
phaviruses might also be used by some other viruses, such
Figure 9. (a-1) Inhibition of virus penetration at the PM with the anti-El" antibody. Virus was bound to cells on coverslips at 0°C for
1 h and then treated with lowpH buffers (pH 6.0 or 5.5) for 1 min to allow virus penetration at the PM. Chloroquine waspresent in the
binding media and throughout all incubations to prevent virus penetration through the endosomal membrane. Infected cells, as a result
of successful penetration at the PM were detected by indirect immunofluorescence staining for viral proteins. Monoclonal antibodies (aEl",
aEl, (xTR) were present during the binding step in the experiments shown in the top panels (a-d) and then removed before thelow pH
treatment. In the middle panels (e-1) the indicated antibodies were only present during the low pH treatment (pH6.0, e-h; pH 5.5, i-1).
After further incubation at 37°C for 3 h, infected cells were stained with anti-El using FIX-conjugated sheep anti-mouse as second anti-
body. Bars represent 25 um. (mp) Inhibition of polykaryon formation with the anti-El" antibody. Infected cells were treated 5 h after
infection for 1 min at 37°C with abuffer of pH 5.5 to induce cell-cell fusion. In (np) the indicated monoclonal antibodies were present
during low pH treatment and then removed. Polykaryons were observed with phase-contrast after a further incubation for 2 h at 37*C.
Bar represents 50 Pm.
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as flaviviruses, bunyaviruses, and Rubella virus. In these
cases the virus directs the.synthesis ofaheterodimeric mem-
brane protein oligomer which apparently carries both as-
sembly and entry functions (Wengler and Wengler, 1989;
PerssonandPettersson, 1991; Baron, M. D., andK. Forsell,
manuscript submitted for publication). Consequently, the
control mechanisms of the SFV entry process that we have
proposed are possibly not unique for alphaviruses, but are
applicable to a whole group of different viruses.
We are very grateful to Dr. H. Snippe, State University of Utrecht, for
providing the monoclonal antibodies. We wish to thank Maria Ekstr6m for
cell culturing and Peter Liljestr6m, Michael Baron, Anni Salminen, and
Maarit Suomalainen for critically reading the manuscript.
This work was supported by the Swedish Medical Research Council,
B90-12X-08272-03A, the Swedish National Board for Technical Develop-
ment, 87-02750P, and the Swedish Natural Science Research Council,
B-BU-9353-302.
Received forpublication 25 February 1991 and in revised form20 Septem-
ber 1991 .
References
Anderson, R. G. W., and L. Orci. 1988. Aview ofacidic intracellularcompart-
ments. J. Cell Biol. 106:539-543.
Boere, W. A. M., T. Harmsen, J. Vinje, B. J. Benaissa-Trouw, C. A.
Krasijeeveld, and H. Snippe. 1984. Identificationof distinct antigenic deter-
minants on Semliki Forest virus by using monoclonal antibodies with differ-
ent antiviral activities. J. Virol. 52:575-582.
Boggs, W. M., C. S. Hahn, E. G. Strauss, J. H. Strauss, and D. E. Griffin.
1989. LowpH-dependent Sindbis virus-induced fusionof BHKcells: differ-
ences between strains correlatewith amino acid changes in the El glycopro-
tein. Virology. 169:485-488.
Chamberlain, J. P. 1979. Fluorographic detectionofradioactivity in polyacryl-
amide gels with water-soluble fluor, sodium salicylate. Anal. Biochem. 98:
132-135.
Cutler, D. F., and H. Garoff. 1986. Mutants ofthe membrane-binding region
of Semliki Forest virus E2 protein. I. Cell Surface transport and fusogenic
activity. J. Cell Biol. 102:889-901 .
Dalgarno, L., C. M. Rice, and J. H. Strauss. 1983. Ross River virus26SRNA:
complete nucleotide sequence and deduced sequence of the encoded struc-
tural proteins. Virology. 129:170-187.
de Curtis, I., andK. Simons. 1988 . Dissection ofSemliki Forest virus glycopro-
tein delivery from the trans-Golgi network to the cell surface in permeabi-
lized BHK cells. Proc. Nad. Acad. Sci. USA. 85:8052-8056.
Edwards, J., E. Mann, and D. T. Brown. 1983. Conformational changes in
Sindbisvirusenvelope proteins accompanying exposure to low pH. J. Virol.
45:1090-1097.
Flynn, D. C., W. J. Meyer, J. M. MacKenzie Jr., and R. E. Johnston. 1990.
A conformational change in Sindbis virus glycoproteins El and E2 is de-
tected at the plasma membrane as a consequence of early virus-cell interac-
tion. J. Virol. 64:3643-3653.
Fuller, S. D. 1987. TheT=4envelope of Sindbis virus is organized by interac-
tions with a complementary T=3 capsid. Cell. 48:923-934.
Garoff, H., and K. Simons. 1974. Location of the spike glycoproteins in the
SemlikiForest virus membrane. Proc. Narl. Acad. Sci. USA. 71:3988-3992.
Garoff, H., A.-M. Frischauf, K. Simons, H. Lehrach, and H. Delius. 1980.
Nucleotide sequence of cDNA coding for Semliki Forest virus membrane
glycoproteins. Nature. 288:236-241.
Antibody pH 7 pH 6 pH 5.5s pH 7 pH 6 pH 5.5
- 0 50 100 - + +
ciEl" 0 <5 <5 - - -
aEl 0 <5 <5 - - -
aEl' 0 ND 30 - ND -
otE2 0 <5 <5 - r -
aTR 0 50 80 - + +Garoff, H., C. Kondor-Koch, and H. Riedel. 1982. Structure and assembly of
alphaviruses. Curr. Top. Microbiol. Immunol. 99:1-50.
Helenius, A., E. Fries, H. Garoff, and K. Simons. 1976. Solubilization ofthe
Sen-diki Forest virus membrane with sodium deoxycholate. Biochim. Bio-
phys. Acta. 436:319-334.
Helenius, A., J. Kartenbeck, K. Simons, and E. Fries. 1980. On the entry of
Sen-diki Forest virus into BHK-21 cells. J. Cell Biol. 84:404-420.
Helenius, A., M. Kielian, J. Wellsteed, 1. Mellman, and G. Rudnick. 1985.
Effects of monovalent cations on Semliki Forest virus entry into BHK-21
cells. J. Biol. Chem. 260:5691-5697 .
Kielian, M. C., and A. Helenius. 1984. Role ofcholesterol in fusion ofSemliki
Forest virus with membranes. J. Virol. 52:281-283.
Kielian M., and A. Helenius. 1985. pH-induced alterations in the fusogenic
spike protein of Semliki Forest virus. J. Cell Biol. 101:2284-2291.
Kielian, M., and A. Helenius. 1986. Entry ofalphaviruses. In The Togaviridae
andFlaviviridae. S. SchlesingerandM. J. Schlesinger, editors. Plenum Pub-
lishing Corp., New York. 91-119.
Kielian, M., S. Jungerwirth, K. U. Sayad, andS. DeCandido. 1990. Biosynthe-
sis, maturation, and acid activation ofthe Sen-diki Forest virus fusion pro-
tein. J. Virol. 64:4614-4624.
Kielian, M. C., M. Marsh, and A. Helenius. 1986. Kinetics of endosome
acidification detectedby mutant and wild-type Semliki Forest virus. EMBO
(Eur. Mol. Biol. Organ.) J. 5 :3103-3109.
Lobigs, M ., and H. Garoff. 1990. Fusion function of the Sen-diki Forest virus
spike is activatedby proteolytic cleavage of the envelope glycoprotein p62.
J . Virol. 64:1233-1240.
Lobigs, M., J. M. Wahlberg, and H. Garoff. 1990. Spike protein oligomeriza-
tion control of Semliki Forest virus fusion. J. Virol. 64:5214-5218.
Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951 . Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-275.
Marsh, M., and A. Helenius. 1980. Adsorptive endocytosis ofSemliki Forest
virus. J. Mot. Biol. 142:439-454.
Marsh, M., J. Wellsteed, H . Kern, K. Harms, and A. Helenius. 1982. Monen-
sin inhibits Semliki Forest virus penetration into culture cells. Proc. Nad.
Acad. Sci. USA. 79:5297-5301.
Metsikkd, K., and H. Garoff. 1990. Oligomers of the cytoplasmic domain of
the p62/E2 membrane protein ofSemliki Forest virus bind to the nucleocap-
sid in vitro. J. Virol. 64:4678-4683.
Omar, A., and H. Kohler. 1988. Semliki Forest virus particles containing only
the El envelope glycoprotein are infectious and can induce cell-cell fusion.
Virology. 166:17-23.
Persson, R., and R. F. Pettersson. 1991. Formation and intracellular transport
of a heterodimeric viral spike protein complex. J. Cell Biol. 122:257-266.
Rice, C. M., and J. H. Strauss, 1981 . Nucleotide sequence ofthe 26S mRNA
The Journal of Cell Biology, Volume 116, 1992
of Sindbis virus and deduced sequence of the encoded virus structural pro-
teins. Proc. Natl. Acad. Sci. USA. 78:2062-2066.
Salminen, A., J. M. Wahlberg, M. Lobigs, P. Liljestrom, and H. Garoff. Mem-
brane fusion process of Semliki Forest virus II. Cleavage-dependent reor-
ganization of the spike protein complex controls virus entry. J. Cell Biol.
116:349-357.
Schlesinger, S. S., and M. J. Schlesinger. 1986. Formation and assembly of
alphavirus glycoproteins. In The Togaviridae and Flaviviridae. S. S.
Schlesinger and M. J. Schlesinger, editors. Plenum Publishing Corp., New
York. 121-148.
Simons, K., A, Helenius, and H. Garoff. 1973. Solubilization ofthe membrane
proteins from Semliki Forest virus with Triton X100. J. Mot. Biol. 80:119-
133.
Stegmann, T., R. W. Doms, and A. Helenius. 1989. Protein-mediated mem-
brane fusion. Annu. Rev. Biophys. Chem. 18:187-211 .
Stegmamt, T., J. M. White, and A . Helenius. 1990. Intermediates in influenza
inducedmembrane fusion. EMBO (Eur. Mot. Biol. Organ.) J . 9:4231-4241.
Vaux, D. J. T., A. Helenius, and I. Mellman. 1988. Spike-nucleocapsid inter-
action in Semliki Forest virus reconstructed using network antibodies. Na-
ture (Lond.). 336:36-42.
Vogel, R. H., S. W. Provencher, C.-H. von Bonsdorff, M. Adrian, and J.
Dubochet. 1986. Envelope structure of Semliki Forest virus reconstructed
from cryo-electron micrographs. Nature (Lond.). 320:533-535.
Wahlberg, J. M ., W. A. Boere, and H. Garoff. 1989. The heterodimeric associ-
ation betweenthe membraneproteins ofSemliki Forest viruschanges its sen-
sitivity to mildlyacidicpHduring virus maturation. J. Virol. 63:4991-4997.
Wengler, G., and G. Wengler. 1989. Cell-associated West Nile flavivirus is
covered with E+Pre-M protein heterodimers whichare destroyed and reor-
ganized by proteolytic cleavage during virus release. J. Virol. 63:2521-
2526.
White, J., and A. Helenius. 1980. pH-dependent fusion between the Semliki
Forest virus membrane and liposomes. Proc. Natl. Acad. Sci. USA. 77:
3273-3277.
White, J., J. Kartenbeck,and A. Helenius. 1980. Fusion ofSemliki Forestvirus
with the plasma membrane can be induced by low pH. J. Cell Biol. 87:264-
272.
White, J., K. Marlin, and A. Helenius. 1981 . Cell fusion by Semliki Forest,
influenza, and vesicular stomatitis viruses. J. Cell Biol. 89:674-679.
White, J. M. 1990. Viral and cellular membrane fusion proteins. Annu. Rev.
Physiol. 52:675-697.
Ziemiecki, A., H. Garoff, and K. Simons. 1980. Formation ofthe Semliki For-
est virus membrane glycoprotein complexes in the infected cell. J. Gen.
Virol. 50:111-123.
348